Oligodendrocyte progenitor cells (OPCs) persist in human white matter, yet the mechanisms by which they are maintained in an undifferentiated state are unknown. Human OPCs differentially express protein tyrosine phosphatase receptor ␤/ (PTPRZ1) and its inhibitory ligand, pleiotrophin, suggesting the maintenance of an autocrine loop by which PTPRZ1 activity is tonically suppressed. PTPRZ1 constitutively promotes the tyrosine dephosphorylation of ␤-catenin and, thus, ␤-catenin participation in T cell factor (TCF)-mediated transcription. Using CD140a/PDGFR␣-based fluorescence-activated cell sorting to isolate fetal OPCs from the fetal brain at gestational ages 16 -22 weeks, we asked whether pleiotrophin modulated the expansion of OPCs and, if so, whether this was effected through the serial engagement of PTPRZ1 and ␤-catenin-dependent signals, such as TCF-mediated transcription. Lentiviral shRNAi knockdown of PTPRZ1 induced TCF-mediated transcription and substantially augmented GSK3␤ inhibition-induced TCF-reporter luciferase expression, suggesting dual regulation of ␤-catenin and the importance of PTPRZ1 as a tonic brake upon TCF-dependent transcription. Pharmacological inhibition of GSK3␤ triggered substrate detachment and initiated sphere formation, yet had no effect on either proliferation or net cell number. In contrast, pleiotrophin strongly potentiated the proliferation of CD140a ϩ -sorted OPCs, as did PTPRZ1 knockdown, which significantly increased the total number of population doublings exhibited by OPCs before mitotic senescence. These observations suggest that pleiotrophin inhibition of PTPRZ1 contributes to the homeostatic self-renewal of OPCs and that this process is mediated by the tonic activation of ␤-catenin/TCF-dependent transcription.
Introduction
Oligodendrocyte progenitor cells (OPCs) of the human white matter persist throughout adulthood and are capable of producing myelinogenic oligodendrocytes (Roy et al., 1999; Scolding et al., 1999; Windrem et al., 2002 Windrem et al., , 2004 Windrem et al., , 2008 Sim et al., 2011) . Nonetheless, the mechanisms by which these cells are maintained in the self-renewing progenitor state are largely unknown (Franklin and ffrench-Constant, 2008) . Both adult and fetal human OPCs express the receptor protein tyrosine phosphatase-␤/ (PTPRZ1) and its inhibitory ligand pleiotrophin (Sim et al., 2006 (Sim et al., , 2011 , suggesting the persistence of an autocrine loop by which PTPRZ1 is tonically regulated. PTPRZ1 has been reported to regulate the tyrosine dephosphorylation of the key Wnt pathway intermediate, ␤-catenin (Meng et al., 2000) ; as such, PTPRZ1 may determine the cytosolic and hence nuclear availability of ␤-catenin and hence the activation by ␤-catenin of T cell factor (TCF)-dependent transcription (Korinek et al., 1997) . Accordingly, we have previously noted the significant differential expression of Wnt-TCF target genes by fetal human OPCs (Sim et al., 2011) .
The signaling of Wnt ligands through their Frizzled receptors promotes the cytosolic accumulation and nuclear translocation of ␤-catenin via the sequestration and inhibition of glycogen synthase kinase 3␤ (GSK3␤), which would otherwise phosphorylate ␤-catenin on serine to initiate its proteosomal destruction (Peifer et al., 1994; Korinek et al., 1997; Gordon and Nusse, 2006; van Amerongen and Nusse, 2009 ). In the nucleus, ␤-catenin displaces the transcriptional repressor Groucho/TLE by binding to TCF3 (TCF7L1) and TCF4 (TCF7L2), thereby initiating transcription (Daniels and Weis, 2005; Buscarlet and Stifani, 2007) . In the absence of Wnt ligands, ␤-catenin availability is diminished by both its GSK3␤-mediated serine phosphorylation-dependent degradation and its tyrosine phosphorylation-dependent sequestration by membrane-bound cadherins (Nelson and Nusse, 2004; Kam and Quaranta, 2009) .
In OPCs, constitutively activated ␤-catenin delays both developmental myelination and myelin repair (Fancy et al., 2009 ) and may act as a negative regulator of terminal oligodendrocytic differentiation (Azim and Butt, 2011). Conversely, histone deacety-lases and the thyroid hormone-induced Sox17 are positive regulators of oligodendrocytic differentiation due to their suppression of ␤-catenin/TCF binding and transcription (Ye et al., 2009; Chew et al., 2011) . These observations suggest that Wnt/␤-catenin/TCF-dependent gene expression might suppress the terminal differentiation of OPCs. We thus asked whether ␤-catenin signaling might be critical to the maintenance and expansion of human OPCs, and whether this process might be regulated not only by canonical Wnt signals but also through an alternative pathway regulated by PTPRZ1 and pleiotrophin.
To this end, we studied human fetal PDGFR␣ ϩ CD140a ϩ cells, which comprise the subpopulation of A2B5 ϩ glial progenitor cells that includes the entire pool of potentially myelinogenic OPCs (Sim et al., 2011) . Using PDGFR␣/CD140a ϩ cells sorted from 16 -23 week gestational age fetal brain tissue, we asked whether pleiotrophin could modulate the expansion competence of OPCs and, if so, whether this was effected through PTPRZ1 and ␤-catenin-dependent signals. We found that lentiviral short hairpin RNA interference (shRNAi) knockdown of PTPRZ1 substantially augmented the GSK3␤ inhibition-associated, TCFregulated transcription of a luciferase reporter; this observation suggested the importance of PTPRZ1 as a brake on TCF-dependent gene expression. Pharmacological inhibition of GSK3␤ triggered substrate detachment and initiated sphere formation, yet had a demonstrable effect on proliferation. In contrast, pleiotrophin significantly potentiated the proliferation of OPCs. Furthermore, PTPRZ1 knockdown sustained the long-term passage of OPCs, significantly delaying their mitotic senescence, as did pleiotrophin. Reflecting the greater availability of ␤-catenin afforded by PTPRZ1 suppression, pleiotrophin maintained self-renewing OPCs, suppressing their oligodendrocytic maturation without imparting any bias toward astrocytic differentiation. We thus propose that the inhibition of PTPRZ1 by both autocrine and paracrine sources of pleiotrophin contributes to the sustained self-renewal and homeostatic maintenance of OPCs while suppressing their terminal differentiation.
Materials and Methods
Isolation of fetal human oligodendrocyte progenitor cells. Samples were obtained under protocols approved by the University of RochesterStrong Memorial Hospital Research Subjects Review Board (Rochester, NY) . Fetal brain tissue of either sex was obtained at 16 -23 weeks gestational age, always within 2 h of extraction. Cortical tissue was dissected, and minced samples were dissociated to single cells using papain and DNase as described (Roy et al., 1999) . The resultant cells were maintained overnight in serum-free medium (DMEM/F12, 17.9 mM HEPES, 5 g/ml insulin, 6.35 mM L-glutamine, 46.4 mM D-glucose, 1.5 mM sodium pyruvate, 0.2 mM nonessential amino acids, 40 l/ml penicillin/streptomycin, 0.0673 g/ml progesterone, 92.1 g/ml putrescine, 0.055 g/ml selenite, 5 g/ml transferrin) supplemented with 20 ng/ml FGF2 (Sigma-Aldrich). The day after dissociation, cells were prepared for either magnetic-activated cell separation or fluorescence-activated cell sorting, each based on immunoisolation of platelet-derived growth factor (PDGF) receptor ␣ (PDGFR␣) immunoreactive cells via the CD140a extracellular epitope (2.1 g anti-CD140a IgG/10 6 cells; BD PharMingen) (Sim et al., 2011) . After sorting, cells were maintained in serum-free medium as described above, supplemented with 20 ng/ml PDGF-AA and 20 ng/ml fibroblast growth factor 2 (FGF2) on untreated suspension plates (Falcon) unless otherwise noted.
Lentiviral PTPRZ1 shRNAi construction. PTPRZ1 expression was suppressed using a lentiviral construct containing a shRNAi sequence against PTPRZ1 followed by CMV:EGFP as described previously (Sim et al., 2006) . The sequence used for the PTPRZ1 shRNAi (5Ј-TGTGAGAA ATATGAACCAGTTTCAAGAGA-3Ј) was scrambled for the control sequence (5Ј-TGCCGCGTTAGGTTAATCACTTCAAGAGA-3Ј). In the U373 human glioblastoma cell line, this construct decreases PTPRZ1 expression by over 90% (Sim et al., 2006) . PTPRZ1 shRNAi knockdown (PTPRZ1kd) was compared to cells infected with a lentiviral construct from the same backbone (pLL3.7) containing the nontargeting, scrambled sequence (Scrambled). The viruses were simultaneously titered on 293T cells based upon enhanced green fluorescent protein (GFP) expression (Sim et al., 2011) . Fetal OPCs were infected overnight at 1 multiplicity of infection (MOI) 1 week postsort. At 48 h postinfection, Ͼ80% of the cells expressed GFP (data not shown).
TCF transcriptional reporter assay. To assess TCF-dependent transcription, we used lentiviral expression of a TCF luciferase reporter (TOPFLASH). In brief, a 539 bp cassette containing the TOPTK sequence from pTOPFLASH (Millipore) was custom synthesized and cloned into pUK21 along with flanking AttL4 and R1 recombination sites (BlueHeron). TOPFLASH was constructed using Gateway recombination and pLenti6/R4R2/V5-DEST (Invitrogen) and pENTRluciferase plasmids. An HT1080 plaque forming colony assay was used to determine the titer. OPCs were infected at 1 MOI. The TOPFLASH lentiviral construct was validated using LiCl and NaCl as a positive and negative control, respectively, in HEK293T cells. The ability of 2ЈZ,3ЈE)-6-bromoindirubin-3Ј-oxime (BIO) to activate TCF activity using the TOPFLASH construct was then validated in HEK293T cells and rat A2B5
ϩ OPCs. Following a 7 day recovery postsort, CD140a/PDGFR␣ ϩ -sorted OPCs were infected with the lentiviral TOPFLASH construct for BIO/MeBIO studies or, for the other experiments, with PTPRZ1k or Scrambled. Seven days after infection with lentiviral PTPRZ1kd or Scrambled virus, the cells were infected again with lentiviral TOPFLASH. Due to limited cell number, 17 and 19.6 wk samples were expanded before passaging and replated for TOPFLASH infection. One day after infection with lentiviral TOPFLASH, OPCs were then treated for 24 h with BIO or MeBIO (Calbiochem). The cells were then lysed and exposed to a luciferase substrate (BrightGlo, Promega), and luminescence was read by spectrophotometry in triplicate. Samples with relative light units (RLU) Ͻ100 were removed from analysis. Statistical analysis was performed using Prism (GraphPad).
␤-catenin cellular localization. OPCs were plated on Permanox-treated slides (Nunc) in 20 ng/ml PDGF-AA and 20 ng/ml FGF2 for 7 d. Cells were then removed from growth factors and treated with either the GSK-3␤ antagonist BIO (GSK-3 inhibitor IX, 62 nM; Calbiochem), its inactive control, methylated BIO (MeBIO, GSK-3 inhibitor IX control, 62 nM; Calbiochem), or the 18 kDa glycosylated form of pleiotrophin (50 ng/ml; P 5333, Sigma). At the conclusion of the treatment, cells were fixed in 4% paraformaldehyde (PFA) and stained for NG2 (OPC membrane marker, 1:200; catalog no. MAB2029, Millipore). Secondary immunochemistry of NG2 was performed using biotinylated anti-mouse IgG (1:200, 2 h at room temperature). Tertiary staining used streptavidin 568 (1:500, 1 h at room temperature). Subsequent to NG2 staining, cells were washed and stained for ␤-catenin (clone 14, 1:500; BD Bioscience), Olig2 (1:1000; Neuromics), and DAPI (1:1000). Slides were then stained with immunofluorescent secondary antibodies (1:400, 1 h; Alexa Fluor 488 goat anti-mouse IgG1 and Alexa Fluor 547 goat anti-rabbit IgG, respectively). The staining protocol was verified using isotype controls in single, double, and triple combinations. The chamber wells were removed and the slides were coverslipped with Vectashield and analyzed using four-color confocal microscopy.
Cell proliferation. CD140a/PDGFR␣-sorted OPCs were allowed to recover from sorting for 7 d. OPCs were then expanded in the presence of PDGF-AA and FGF2 and either 62 nM BIO, 62 nM MeBIO, or pleiotrophin (25 ng/ml) for 2 weeks in all conditions. At that point, the OPCs were either left in PDGF-AA-and FGF2-containing medium or switched to medium free of exogenous mitogens for 7 d so as to initiate differentiation. As a negative control, we treated one population of PDGF/FGF2-maintained cells with 1 mM cytosine arabinoside (AraC) for 24 h so as to arrest the cell cycle. At this time, the total number of spheres in each 6-well plate was counted using bright field microscopy. Cells were pulsed for 4 h with 1 M 5-ethyldeoxyuridine (EdU), and then immediately passaged using papain, fixed, and counted. We only pulsed for 4 h to eliminate cells going through mitosis more than once. Cells were stained with Click-iT technology according to the manufacturer's directions (catalog no. A10202, Invitrogen). Propidium iodide (PI) was used to assess total DNA content. Flow cytometry was performed on the BD FACSAria (BD Biosciences) and analyzed using FlowJo software with at least 100,000 events per condition before analysis (TreeStar). After forward scatter and side scatter gating to remove debris and clusters, PI gating was used to isolate whole nuclei and exclude DNA fragments. High EdU incorporation and high PI-defined DNA content typify cells in S-phase. Cells in G 1 have low PI and no EdU staining, while G 2 M is marked by high PI content, but little acute EdU incorporation. Statistical analysis was performed on Prism (GraphPad), and data were reported as mean Ϯ SD.
To permit the long-term propagation of PTPRZ1 knockdown, scrambled and uninfected OPCs were maintained in PDGF-AA and FGF2 on plastic and passaged regularly at 75% confluence. Cell counts were taken at every passage. Relative expansion was calculated by sequentially multiplying the fold changes in cell number occurring with each passage. Population doublings were calculated as the log 2 of relative expansion at 9 months in vitro.
Phenotypic determination. CD140a-sorted fetal human OPCs were plated onto poly-L-ornithine and fibronectin-coated plates at 50,000 cells/ml in serum-free medium containing PDGF-AA (20 ng/ml), FGF2 (20 ng/ml), and NT3 (2 ng/ml). Following a 7 d recovery, cells were treated with either pleiotrophin (25 ng/ml), potassium bisperoxo(1,10-phenanthroline)oxovanadate (V)-referred to as oxovanadate or bpV(phen) (2.5 nM)-or vehicle control for 7 d. Cells were lightly fixed (1% PFA), and adjacent wells were immunolabeled with either the oligodendrocyte progenitor marker A2B5 (1:500, 1 h at room temperature; Millipore Bioscience Research Reagents) or the oligodendrocyte marker O4 (1:1000 overnight; Millipore Bioscience Research Reagents), followed by Alexa 488-conjugated goat antimouse IgM (1 h at room temperature). Cells were then washed and fixed (4% PFA, 5 M) before staining for glial fibrillary acid protein (GFAP, SMI21, 1:000, overnight; Covance) or ␤III-tubulin/TUJ1 (1:1000, overnight), followed by isotype-specific secondary antibodies (Alexa Fluor 594-conjugated goat anti-mouse IgG 1 or goat anti-mouse IgG 2a , each 1:400, 1 h at room temperature). Cell counts were taken from 10 randomly chosen fields distributed across each well, comprising at least 250 total cells. All statistical analyses were performed using Prism (GraphPad).
Nuclear extraction and immunoblotting. Passaged cells stably transduced with either scrambled or PTPRZ1 shRNAi were sorted and infected as described above in the previous paragraphs and then plated at 2.5 ϫ 10 5 cells/ml. After 7 d, the cells were treated for 2 h with either 125 nM BIO, 125 nM MeBIO, 100 ng/ml pleiotrophin, or 125 nM BIO and 100 ng/ml pleiotrophin. The cells were removed from the dish using papain and rinsed in PBS. Cytoplasmic and nuclear extraction was performed according to manufacturer's directions (Pierce, NE-PER kit). Protein was quantified using a BCA assay (Pierce). Invitrogen Nu-PAGE 4 -12% Bis-Tris gels, a PVDF membrane, and GE Healthcare ECL detection reagent and film were used for Western immunoblotting. The Western was blotted using antibody directed against ␣-activated ␤-catenin, nonphosphorylated at Ser37/Thr41 (clone 8E7, 2 g/ml; Millipore). The Western blot was then stripped using ReBlot Strong solution (Millipore), and reblotted using a pan-specific (all forms) anti-␤-catenin antibody (clone H-102, 1:100; Santa Cruz Biotechnology) and subsequently with anti-GAPDH (glyceraldehyde 3-phosphate dehydrogenase) as a normalization control (clone 6C5, 1:5000; Abcam).
Results
In this study, we asked whether ␤-catenin signaling and its regulation by GSK3␤ might be critical to both the maintenance and expansion of human OPCs and, furthermore, whether this process might be regulated not only by Wnt-Frizzled signaling, but through an alternative pathway regulated by PTPRZ1 (protein receptor tyrosine phosphatase ␤/) and its inhibitory ligand pleiotrophin. Since our goal was to identify and evaluate potential therapeutic targets, we focused our study on human OPCs, given the significant differences in both gene expression and phenotype between murine and human OPCs (Sim et al., 2009). To this end, we used CD140a/PDGFR␣ to isolate OPCs from human neocortical tissue derived from 16 -22 week gestational age fetuses as described previously (Sim et al., 2011) . CD140a ϩ cells could be maintained in vitro as bipotential proliferative OPCs and continued to express PDGFR␣ for at least 1 week postsort ( Fig. 1 A) .
GSK3␤ inhibition increased TCF-dependent transcription
We first asked whether fetal human OPCs could activate Wnt/ ␤-catenin pathway signaling; to this end, we assessed whether GSK3␤ inhibition increased TCF-dependent transcription by using a TCF-dependent luciferase reporter. Specifically, CD140a-sorted cells were infected with the lentiviral TOP-FLASH construct, which is comprised of a multimeric TCFdriven luciferase. Over 80% of cells infected with a control lentiviral CMV:GFP expressed GFP within 48 h, obviating the need for further selection. The cells were then exposed to the GSK3␤ inhibitor BIO, an indirubin with high specificity for GSK3␤ (Meijer et al., 2003) , and compared it to its inactive methylated control (MeBIO). Luminometry revealed that TCF-driven luciferase activity was 1.84-fold higher in OPCs treated with 62 nM BIO versus MeBIO (213 Ϯ 138.5 RLU vs 116 Ϯ 60.3 RLU; p Ͻ 0.05 by two-way ANOVA; n ϭ 13, Fig. 1 B) . Exposure to 31 nM BIO yielded a 1.6-fold elevation in TCF activity compared to MeBIO-treated cells (120 Ϯ 49.6 vs 75 Ϯ 18.3 RLU; one-way ANOVA, p ϭ 0.0402, n ϭ 6) ( Fig. 1 B) . Doses of Ն125 nM BIO proved toxic (data not shown). GSK3␤ inhibition was thus associated with a dose-dependent increase in TCF activity, indicating that human OPCs can dynamically regulate TCF transcription.
GSK3␤ inhibition in OPCs results in the translocation of ␤-catenin
The modulation of TCF-dependent transcription by GSK3␤ inhibition indicated that OPCs retain the capacity to actively signal via ␤-catenin-driven TCF promoter activation; this in turn suggested that GSK3␤ inhibition would be attended by ␤-catenin translocation. To monitor ␤-catenin localization, we plated fetal human CD140a ϩ OPCs on Permanox-coated slides (Nunc) so as to directly visualize the intracellular transit of ␤-catenin via confocal microscopy. We did this in the absence of growth factors so as to minimize any incidental ␤-catenin activation by constituents of the ambient culture medium. In control cells treated with inactive MeBIO (62 nM) for 1 h, we noted little immunodetectable cytosolic ␤-catenin, the localization of which was largely restricted to terminal processes at points of membrane juxtaposition (Fig. 1 D) . In contrast, GSK3␤ inhibition by the active moiety BIO (62 nM) yielded a rapid fall in membrane-localized ␤-catenin in OPCs, which were concurrently validated by coexpression of Olig2 and NG2 (Fig. 1 E, arrows) . These observations suggest the departure of ␤-catenin from its membrane-bound docking sites, a critical rate-limiting step in its nuclear translocation. Furthermore, within 6 h of exposure to 62 nM BIO, OPCs exhibited increased membrane-associated as well as cytosolic ␤-catenin immunolabeling (Fig. 1 F) compared to MeBIO-treated controls (Fig. 1 D) . In addition, both cytoplasmic and nuclear accumulation of ␤-catenin, as triggered by the GSK3␤ inhibitor BIO, was confirmed by Western blotting (see Fig. 3E ). This suggests that the BIO-mediated inhibition of GSK3␤-dependent ␤-catenin degradation results in the membrane and cytosolic accumulation of signal-competent ␤-catenin, thus enabling TCF-mediated signaling.
GSK3␤ inhibition potentiated in vitro expansion as spheres without influencing proliferation
We next asked whether BIO-mediated inhibition of GSK3␤ influenced the expansion of OPCs. We found that when raised in suspension culture in the presence of the mitogens PDGF and FGF2, BIO treatment induced the robust formation of minimally adherent spheres (255 Ϯ 42.6 spheres/10 5 cells plated vs 54 Ϯ 20.5 in MeBIO-treated controls; n ϭ 9/condition) (Fig. 1C,G,H ) . Most cells within each sphere expressed either the oligodendroglial lineage transcription factor Olig2, which is expressed by glial progenitor cells, or the astrocytic glial fibrillary acid protein GFAP (data not shown). Surprisingly, the strong potentiation of sphere formation by BIO persisted independently of mitogen exposure; in OPC cultures prepared in the absence of added PDGF or FGF2, 333 Ϯ 40.0 spheres/10 5 cells were generated in BIO-treated cultures versus 40 Ϯ 25.9 spheres/10 5 cells in their MeBIO-exposed controls (n ϭ 7/condition) (Figs. 1C, I , J ). Thus, whereas the effect of BIO on sphere formation was highly significant (F (1,24) ϭ 50.48 by two-way ANOVA; p Ͻ 0.0001), mitogen exposure had no significant effect on sphere incidence (F (1,24) ϭ 1.15, p ϭ 0.29). However, hemocytometer counts revealed that despite the BIO-associated increase in the number of spheres, the total number of cells was not influenced by BIO whether in the presence (9.8 ϫ 10 5 Ϯ 5.9 ϫ 10 5 BIO vs 9.7 ϫ 10 5 Ϯ 6.0 ϫ 10 5 MeBIO) (Fig. 2 A) or absence (5.3 ϫ 10 5 Ϯ 3.5 ϫ 10 5 BIO vs 5.0 ϫ 10 5 Ϯ 3.1 ϫ 10 5 MeBIO) of the growth factors FGF2 and PDGF ( p ϭ 0.91 by two-way ANOVA, F (1,29) ϭ 0.01). Similarly, BIO-treated spheres did not propagate any longer or more efficiently than did their MeBIO-treated controls in serial passage (data not shown). In contrast, mitogen addition resulted in increased cell number with upon passage (MeBIO/PDGF/FGF2, F (1,29) ϭ 6.86 by two-way ANOVA, p ϭ 0.01). Importantly, we found no evidence for any interaction between BIO-mediated GSK3␤ inhibition and mitogen exposure, suggesting the mechanistic independence of these influences (F (1,29) ϭ 0.00, by twoway ANOVA, p ϭ 0.95).
Since sustained exposure to BIO promoted expansion as gliospheres in suspension culture and yet had no effect on the number of total OPCs, we asked whether BIO-initiated sphere expansion was a product of mitotic activity or of altered adhesive interactions. To this end, we asked whether GSK3␤ inhibition increased either the proliferation rate or mitotic fraction of OPCs and used the incorporation of a thymidine analog, EDU (5-ethyldeoxyuridine), to assess proliferation. Following sustained treatment for 1 month with BIO or MeBIO, we exposed OPCs for 4 h to 1 M EdU, passaged, and then fixed the cells for immunolabeling and flow cytometry. Forward scatter and side scatter gating were used to discriminate debris and clusters, and PI (propidium iodide) was used to mark DNA, thereby identifying whole nuclei and excluding fragments. In addition, AraC (cytosine arabinoside) mitotic blockade was used to calibrate the gates by which S-phase-associated EdU incorporation was defined. Using Figure 1 . GSK3␤ inhibition potentiated ␤-catenin translocation and TCF transcription in human fetal OPCs. A, CD140a/PDGFR␣-sorted fetal human oligodendrocyte progenitor cells, OPCs, retain characteristic bipolar morphology and PDGFR␣ expression for at least 7 days in vitro (DIV). B, At 7 DIV, the ability of OPCs to initiate Wnt pathway gene transcription was tested using a GSK3␤ inhibitor, bromo-indirubin-oxime or BIO, and a luciferase reporter, TOPFLASH. Indeed, BIO increased luciferase expression in a dose-dependent manner. C, Fetal human OPCs formed spheres in response to BIO-mediated GSK3␤ inhibition. BIO significantly increased the number of spheres per 10 5 plated cells relative to MeBIO control-treated cultures when assessed after 7 d of drug exposure. This effect was independent of mitogen addition, which did not increase the number or proportion of spheres generated. D-F, To verify that GSK3␤ inhibition was effecting TCF activation through altering localization of ␤-catenin, the Wnt signaling intermediate, ␤-catenin, was localized by confocal imaging in OPCs, validated as such by their coexpression of Olig2 and NG2. D, In the absence of growth factors, immunodetectable ␤-catenin was largely restricted to process tips and points of intercellular contact (MeBIO inactive control, 62 nM). E, GSK3␤ inhibition by BIO initially diminished membrane localizable ␤-catenin (arrows). F, After 6 h of treatment, BIO-treated OPCs exhibited increased ␤-catenin expression (asterisks), reflecting decreased degradation. G-J, BIO-mediated GSK3␤ inhibition initiated sphere formation in both proliferative (PDGF-AA and FGF2 supplementation) and differentiating (no growth factors) conditions. Scale bars, 20 m. *p Ͻ 0.01, **p Ͻ 0.001. this protocol, 10.9 Ϯ 1.4% of MeBIOtreated control cells incorporated EdU when cultured in PDGF and FGF2 (n ϭ 5 experiments; Fig. 2 B) . Removal of FGF2 and PDGF for 7 d diminished the incidence of EdU-incorporation by these cells (8.1 Ϯ 2.1%, n ϭ 5; F (1,16) ϭ 6.63 by twoway ANOVA, p ϭ 0.02), consistent with the hemocytometer cell counts and the known mitogenic effects of these agents (Figs. 2 A, B,D) . However, BIO-mediated GSK3␤ inhibition did not increase the incidence of proliferating OPCs in either the presence (11.2 Ϯ 5.1 vs 10.9 Ϯ 1.4%) or absence (6.4 Ϯ 1.8 vs 8.1 Ϯ 2.1%) of growth factors (n ϭ 5 each; F (1,16) ϭ 0.26, p Ͼ 0.05) (Figs. 2 B-D) . Similarly, neither the percentage of cells in G 0 /G 1 and G 2 M nor the total cell number differed significantly between BIO and MeBIO-treated groups (data not shown). These data further suggest that while GSK3␤ inhibition altered the anchorage-dependent pattern of growth of OPCs to promote sphere formation, it was insufficient to significantly influence the mitotic index or cell cycle activity of these cells.
PTPRZ1 inhibition increased TCF-dependent transcription
Although ␤-catenin signaling may be initiated by Wnt ligands acting through Frizzled receptors and associated coreceptors, it may also be both triggered and modulated by other means. In particular, the receptor protein tyrosine phosphatase ␤/, the product of the PTPRZ1 gene, constitutively dephosphorylates ␤-catenin and may act as a tonic brake upon ␤-catenin signaling (Meng et al., 2000) . Yet, as noted, PTPRZ1 is negatively regulated by the soluble ligand pleiotrophin, which may thereby potentiate ␤-catenin signaling and TCF-dependent transcription. This was especially interesting since the gene expression profile of fetal human tissue-derived OPCs manifests high levels and differential expression of both pleiotrophin and PTPRZ1 genes, as well as TCF-dependent genes involved in cell cycle, suggesting the potential for autocrine control of TCF-dependent transcription by OPCs in the human brain (Sim et al., 2011) .
On that basis, we next asked whether inhibition of PTPRZ1 by shRNAi knockdown might influence TCF-dependent luciferase transcription, both alone and together with GSK3␤ inhibition. We found that TCF-mediated transcription increased by 1.93-fold in OPCs with lentiviral knock-down of PTPRZ1 (PTPRZ1kd) relative to control OPCs infected with lentivirus encoding scrambled shRNAi (239 Ϯ 92.6 RLU in PTPRZ1kd OPCs vs 124 Ϯ 34.9 RLU in Scrambled infected cells, n ϭ 4; F (1,12) ϭ 32.82 by two-way ANOVA, p Ͻ 0.0001, with Bonferroni post hoc t test;) (Fig. 3A) . Addition of 62 nM BIO to PTPRZ1kd OPCs further increased TCF-luciferase activity significantly (466 Ϯ 70.6 RLU for BIO-treated PTPRZ1kd OPCs vs 384 Ϯ 87.0 RLU for MeBIO-treated Scrambled infected OPCs, n ϭ 4 experiments; F (1,12) ϭ 22.17 by two-way ANOVA, p ϭ 0.0005 by Bonferroni post hoc t test). These data indicate that PT-PRZ1 knockdown via lentiviral shRNAi tonically increased TCFdependent transcription, and that GSK3␤ inhibition significantly potentiated this process. Together, these observations suggest that two pools of ␤-catenin, which are regulated by PTPRZ1 and GSK3␤, are partially but incompletely overlapping, with GSK3␤ appearing to regulate ␤-catenin availability beyond that influenced by receptor protein tyrosine phosphatase ␤/ activity. Combined PTPRZ1 and GSK3␤ inhibition might be anticipated by OPCs responding to concurrent Wnt and pleiotrophin signals. Indeed, we noted a significant interaction between GSK3␤ inhibition and PTPRZ1 knockdown (F (1,12) ϭ 4.94 by two-way ANOVA; p ϭ 0.046 by Bonferroni post hoc t test), suggesting synergistic potentiation of TCF-dependent gene expression (Fig. 3A) .
PTPRZ1 inhibition potentiated GSK3␤-regulated ␤-catenin translocation
Confocal imaging of cultured OPCs revealed that pleiotrophin (50 ng/ml) robustly increased the cytosolic accumulation of ␤-catenin and did so rapidly, with demonstrable increments within 1 h of exposure (Fig. 3C) . As might be expected from their tandem effects on TCF-dependent transcription, pleiotrophin and BIO-mediated GSK3␤ inhibition (62 nM) yielded a greater cytosolic accumulation of ␤-catenin than that achieved by either treatment alone (Fig. 3D) . We confirmed the accumulation and translocation of ␤-catenin, using Western blotting of cytoplasmic and nuclear extracts of CD140a-sorted cells infected with lentiviral shRNAi against PTPRZ1 (PTPRZ1kd) (Fig. 3E) .
Activated ␤-catenin (ABC) is designated as such due to the lack of phosphorylation at the residues (Ser37/Thr41) targeted by GSK3␤. Neither cytoplasmic nor nuclear extracts had detectable amounts of ABC in control cells (Scrambled, MeBIO). In contrast, PTPRZ1kd cells exhibited ABC in the cytoplasm and in the nucleus that was increased further by treatment with the GSK3␤ inhibitor BIO. Indeed, BIO treatment increased the levels of both ABC and total ␤-catenin compared to MeBIO in both Scrambled and PTPRZ1kd cells. As expected, pleiotrophin treatment similarly increased both cellular ␤-catenin and its nuclear translocation in the control (scrambled RNAi)-infected cells. Yet, in Figure 2 . Proliferation of human fetal OPCs is mitogen-responsive but unaffected by GSK3␤ inhibition. A, Despite the effects of GSK3␤ inhibition upon both TCF-driven transcription and sphere formation, the mitotic competence OPCs was unaffected by GSK3␤ inhibition. In contrast, exposure to PDGF-AA and FGF2 significantly increased cell number independently of BIO treatment. B, Similarly, while mitogen exposure significantly increased the proportion of dividing cells, as assessed by EdU incorporation, the fraction of mitotic cells was not affected by BIO-mediated GSK3␤ inhibition. C, D, The pseudo-color density dot plots of 5 ϫ 10 PTPRZ1kd cells pleiotrophin did not further change the levels or distribution of ␤-catenin, suggesting that pleiotrophin acts via PTPRZ1. These observations indicated that pleiotrophin, via inhibition of PTPRZ1, can increase the pool of activated ␤-catenin and may do so over and above that achieved by GSK3␤ inhibition. PTPRZ1 inhibition and GSK3␤ inhibition may thus work in conjunction to release membrane bound ␤-catenin, and to thereby achieve the cytoplasmic quantities needed for efficient nuclear translocation and TCF transcription.
Pleiotrophin was sufficient to maintain the proliferative expansion of OPCs
We next asked whether pleiotrophin might directly modulate the mitotic competence of OPCs. To that end, we assessed the proliferation of pleiotrophin-treated OPCs using EdU incorporation and flow cytometry. In the absence of other added growth factors, 25 ng/ml pleiotrophin increased the proportion of actively cycling cells as defined by incorporation of EdU over 4 h (11.5 Ϯ 2.2%, n ϭ 7 vs vehicle 7.5 Ϯ 2.6, n ϭ 3; [F ϭ 3.38] by one-way ANOVA, p ϭ 0.041) (Figs. 4 A, B) . However, in the presence of PDGF and FGF2, pleiotrophin addition did not further raise the mitotic fraction of OPCs (12.6 Ϯ 2.4% in pleiotrophin/PDGF/ FGF2, n ϭ 8 vs 11.3 Ϯ 2.5% in PDGF/FGF2 alone, n ϭ 4). The nonadditive nature of pleiotrophin and PDGF/FGF2 signaling may be due to the induction of pleiotrophin expression by PDGF signaling (Antoine et al., 2005) , or it might be attributed to the role of PDGFR␣ mitigating Akt inhibition of GSK3␤, hence allowing PDGFR␣ activity to signal via ␤-catenin as well as through the MAP kinase pathway (Rosenkranz et al., 1999; Chew et al., 2011) . Interestingly, while these experiments were done using suspension cultures, neither pleiotrophin nor PTPRZ1kd induced sphere formation, in contrast to the robust generation of spheres in response to GSK3␤ inhibition; these data suggest that GSK3␤ inhibition influences additional pathways besides those involved in self-renewal and mitotic competence.
Oligodendrocyte progenitor self-renewal was sustained by PTPRZ1 knockdown Since both pleiotrophin and lentiviral shRNAi knockdown of PTPRZ1 increased the mitotic fraction of CD140a-sorted OPCs, we next asked whether stable knockdown of PTPRZ1 might sustain the self-renewal competence, and hence expansion potential, of the oligodendrocyte progenitor pool. To that end, OPCs infected with either lentiviral shRNAi against PTPRZ1 or Figure 3 . Inhibition of both PTPRZ1 and GSK3␤ increase cytosolic and nuclear ␤-catenin. A, To test PTPRZ1 in the regulation of the ␤-catenin/TCF pathway, we used PTPRZ1 knockdown, PTPRZ1kd, in conjunction with a TCF reporter, TOPFLASH. Knockdown of PTPRZ1 increased TCF activity relative to controls infected with lentiviral scrambled shRNAi; the increment in TCF-dependent luciferase activity associated with PTPRZ1 knockdown exceeded that afforded by GSK3␤ inhibition in scrambled-infected controls. Furthermore, PTPRZ1kd increased TCF activity synergistically with GSK3␤ inhibition by BIO. One-wayANOVAwithposthocttests;*pϽ0.05,**pϽ0.01,***pϽ0.001.B-D,ToverifythatPTPRZ1kdwasactivatingTCF-dependenttranscriptionbyaltering␤-catenintrafficking,welocalized␤-catenin by confocal imaging of PDGFR␣-sorted fetal human OPCs, using either Olig2 (purple, B-D) or NG2 (red, B-D) . C, In the absence of other added growth factors, pleiotrophin (PTN) exposure was sufficient to increase␤-cateninaccumulation,especiallyatend-feetandatpointsofcell-cellcontact(62nMMeBIO,50ng/mlpleiotrophin).D,Concurrenttreatmentwithpleiotrophin(PTN)andpharmacologicalinhibition of GSK3␤ using BIO (62 nM) increased ␤-catenin immunolabeling and cytoplasmic availability (example denoted by asterisk). E, Western blotting was used to verify cytoplasmic accumulation and nuclear translocation of ␤-catenin in extracts of both PTPRZ1 shRNAi (PTPRZ1kd)-infected and scrambled shRNAi control-infected CD140a-sorted cells. Both GSK3␤ inhibition by BIO and PTPRZ1 inhibition by pleiotrophin promoted the accumulation of ␤-catenin in the cytoplasm and nucleus of the control cells transduced with scrambled shRNAi. Furthermore, PTPRZ1kd proved sufficient to enhance ␤-catenin availability in all treatment groups, and its effects in this regard were additive with those of BIO-induced GSK3␤ inhibition. Scale bar, 10 m. scrambled shRNAi control virus were propagated for 300 d with serial in vitro passage when subconfluent. We found that the population of PTPRZ1kd cells, which remained bipolar, GFP ϩ , and PDGFR␣ ϩ , continued to divide longer and exhibited significantly more population doublings than did their PDGFR␣ ϩ counterparts infected with scrambled shRNAi, maintaining active proliferation for over 9 months in vitro (14.1 Ϯ 3.9 PDs vs 8.0 Ϯ 6.0, respectively, n ϭ 7 each; p ϭ 0.04 by unpaired t test) (Figs. 4C) . Scrambled infected cells typically did not survive, except if the progenitor cells spontaneously differentiated terminally into astrocytes, which may retain proliferation competence (Fig. 4 D) . These data suggested that PTPRZ1kd was sufficient to maintain the proliferation of CD140a-sorted OPCs over time. The prolonged expansion of PTPRZ1kd cells was not due to changes in telomerase activity as measured by a telomeric repeat amplification protocol assay (data not shown); eventually, all cells achieved mitotic senescence and ceased to divide. Thus, PTPRZ1 inhibition significantly prolonged the self-renewal capacity of human fetal OPCs, yet it did not permit the cells to escape senescence.
Pleiotrophin maintains the fetal human oligodendrocyte progenitor phenotype
We next asked whether pleiotrophin influences the lineage choice of proliferating CD140a ϩ human OPCs. We found that the proportion of A2B5 ϩ /GFAP Ϫ OPCs was significantly higher in cultures supplemented for 7 d with 25 ng/ml pleiotrophin than in their unsupplemented controls (31.7 Ϯ 5.2% in pleiotrophin vs 18.9 Ϯ 8.6% in vehicle, n ϭ 4; p ϭ 0.044 by unpaired t test) (Fig.  4 D) . Pleiotrophin exposure was concurrently associated with diminished oligodendrocytic production (3.7 Ϯ 1.1% O4 ϩ cells in 25 ng/ml pleiotrophin vs 14.0 Ϯ 7.2% in vehicle, n ϭ 4; p ϭ 0.029, unpaired t test) (Fig. 4 E) . Pleiotrophin did not affect the small fraction of GFAP ϩ /A2B5 Ϫ astrocytes (6.5 Ϯ 6.8% in pleiotrophin vs 5.3 Ϯ 3.6% in vehicle, n ϭ 3; p ϭ 0.80, unpaired t test). These data indicate that pleiotrophin acts to maintain the selfrenewing phenotype of oligodendrocyte progenitor cells at the expense of mature oligodendrocytic differentiation.
Since pleiotrophin acts, at least in part, through the inhibition of PTPRZ1 activity, we next assessed the effects of an oxovanadate tyrosine phosphatase inhibitor on the expansion of fetal human OPCs. We found that at a level of 2.5 nM, the oxovanadate bpV(phen), a potent pan-phosphatase inhibitor that selectively targets receptor tyrosine phosphatases at low concentrations (Posner et al., 1994; Doillon et al., 1999) , significantly elevated the proportion of A2B5 ϩ /GFAP Ϫ OPCs relative to vehicle-exposed controls, from 10.3 Ϯ 4.2% (n ϭ 4) to 30.9 Ϯ 6.5% (n ϭ 3) ( p Ͻ 0.05 by two-way ANOVA). This effect was lost at levels of bpV-(phen) Ͼ25 nM, at which point bpV(phen)-related toxicity became manifest in diminished expansion (data not shown). Of note, bpV(phen) (at 2.5 nM) did not influence the proportion of either O4
ϩ oligodendroglia (12.9 Ϯ 3.6 vs 14.0 Ϯ 7.2% in vehicle, n ϭ 4 each) or GFAP ϩ /A2B5 Ϫ astrocytes (6.5 Ϯ 6.8 vs 5.3 Ϯ 3.6% in vehicle controls; n ϭ 4) (Fig. 4 F) . Similarly, the small proportion of Tuj1/␤III-tubulin-defined neurons was not influenced by either pleiotrophin (2.5 Ϯ 1.9% in pleiotrophin-treated cultures vs 2.5 Ϯ 2.0% in vehicle controls, n ϭ 4) or bpV(phen) (2.3 Ϯ 1.9 vs 2.0 Ϯ 1.4%, n ϭ 3 each). Together, these data confirm that both pleiotrophin and bpV(phen), as potent inhibitors of PTPRZ1, serve to maintain the undifferentiated phenotype of fetal human oligodendrocyte progenitor cells.
Discussion
The developmental progression and adult persistence of parenchymal OPCs reflect the ongoing balance between cellular processes favoring self-renewal and differentiation. The maintenance of both pluripotential and somatic stem cells in an undifferentiated state appears to be regulated by cytosolic accumulation and nuclear translocation of ␤-catenin, which leads in turn to TCF-mediated transcription of a host of genes implicated in cell cycle control that include a host of positively regulated targets of the canonical Wnt pathway (Sato et al., 2004) . Accordingly, the tissue maintenance of oligodendrocyte progenitor cells, and thus the ontogeny of the oligodendroglial lineage, seems dependent upon Wnt/␤-catenin signaling. As such, Wnt3a-triggered signaling appears to impede oligodendrocytic maturation in the rodent brain (Shimizu et al., 2005; Feigenson et al., 2009) , while the sox17-dependent suppression of ␤-catenin transcription, as well as that of other Wnt target genes, may promote oligodendrocytic maturation (Chew et al., 2011) . Similarly, constitutive expression of a dominant-active ␤-catenin in OPCs delays myelination, both during development and in remyelination, by increasing the activity of the Wnt transcriptional regulators TCF3 and TCF4 (Fancy et al., 2009) . Interestingly, overexpression of either dickkopf1, an extracellular Wnt inhibitor, or of a dominant-negative LEF-1 (TCF1/TCF1L7), each of which serves to suppress ␤-catenin-dependent signaling, both potentiate the production of PDGFR␣ ϩ OPCs from subependymal neural progenitors (Langseth et al., 2010) .
During development, cortical OPCs lose TCF reporter activity in vivo, with the exception of a perivascular subpopulation (Langseth et al., 2010) ; our observations suggest that this perivascular fraction of OPCs might retain greater expansion competence than parenchymally situated OPCs (Arai and Lo, 2009; Gadea et al., 2009) . Importantly, following TCF activation, OPCs also upregulate expression of negative feedback genes such as Axin2, a component of the ␤-catenin destruction complex with GSK3␤ (Fancy et al., 2009) ; the secondary induction of these genes may serve to delimit the extent of mitotic expansion in response to ␤-catenin, whether induced by canonical Wnt signaling or otherwise. Similarly, histone deacetylase complexes directly compete with ␤-catenin for binding TCF, such that HDAC activity promotes both oligodendrocytic maturation and myelination Ye et al., 2009; Pedre et al., 2011) .
We recently reported that the myelinogenic progenitor cell pool of the fetal human cortex largely resides within the fraction of cells that may be isolated on the basis of their expression of CD140a/PDGF␣R (Sim et al., 2011) . Gene expression analysis revealed that these cells differentially expressed a number of elements of the Wnt pathway, as well as PTPRZ1 and pleiotrophin, which are similarly differentially overexpressed in adult parenchymal OPCs (Sim et al., 2006) . Interestingly, PTPRZ1 is one of the top 60 genes upregulated in OPCs during murine development as well (Cahoy et al., 2008) . Mice deficient in PTPRZ1 manifest no overt pathology but do exhibit overproduction of OPCs during developmental myelinogenesis (Lamprianou et al., 2011) , and in adulthood they exhibit markedly impaired remyelination following experimental autoimmune encephalomyelitis (Harroch et al., 2002) . Together, these observations suggest a need for PTPRZ1 in oligodendrocytic differentiation, while suggesting fundamentally different roles for PTPRZ1 in development and adulthood.
PTPRZ1 is constitutively active and is dynamically inhibited by ligand binding, which induces dimerization or oligomerization (Fukada et al., 2006) that in turn creates an inactivating steric hindrance of its phosphatase domains (Barr et al., 2009) . Pleiotrophin is the most potent known natural ligand of PTPRZ1 and strongly inhibits its activity (Meng et al., 2000; Fukada et al., 2006) . Importantly, besides its autocrine production by OPCs, pleiotrophin is also expressed and secreted by human brain endothelial cells (Himburg et al., 2010) , suggesting a role for the perivascular niche in dictating the self-renewal competence of resident OPCs (Goldman and Chen, 2011) . In addition, astrocytes and microglia have also been reported to express pleiotrophin in experimental models of ischemic injury and demyelination (Yeh et al., 1998; Fazeli et al., 2010) , suggesting that the widespread inactivation of PTPRZ1 activity in response to local stressors may serve to trigger the mobilization of resident progenitors.
Pleiotrophin inhibits the constitutive tyrosine dephosphorylation of ␤-catenin by PTPRZ1 (Meng et al., 2000) . This has the effect of regulating the nuclear availability of ␤-catenin, whose binding to membrane cadherins and consequent membrane sequestration is regulated by its tyrosine phosphorylation state (for review, see Gumbiner, 2005) . In our studies, pleiotrophin rapidly increased the cytoplasmic appearance of ␤-catenin in OPCs, whereas GSK3␤ inhibition by BIO elicited its membrane accumulation with subsequent nuclear translocation. Yet, we also found that while GSK3␤ inhibition by BIO enhanced both ␤-catenin translocation and TCF activity, these events were independently triggered by PTPRZ1 shRNAi knockdown, and to some extent additively so, suggesting that GSK3␤ and PTPRZ1 might access different pools of ␤-catenin. These discrete pools of ␤-catenin may be functionally distinct as well; our data suggest the potential coexistence of ␤-catenin pools that may separately regulate cell-cell adhesion and TCF-mediated transcription, as has been noted in other systems (Kam and Quaranta, 2009) .
In regards to ␤-catenin's transcriptional targets in OPCs, we focused on its regulation of cell cycle determinants, since fetal OPCs are enriched in Wnt target genes such as cyclin D1, which may serve to couple ␤-catenin signals to cell division (Sim et al., 2011) . We found that pleiotrophin maintained the A2B5 ϩ / GFAP Ϫ OPC population while suppressing the production of O4-defined oligodendroglia, and that PTPRZ1 knockdown was similarly associated with OPC expansion and deferred differentiation. Together, these observations suggest that the greater cytoplasmic availability of ␤-catenin, whether afforded by pleiotrophin inhibition of PTPRZ1 or PTPRZ1 knock-down, is sufficient to initiate the TCF-mediated activation of positive cell cycle regulators that in turn maintain the mitotic competence of human fetal OPCs.
Interestingly, whereas the inhibition of PTPRZ1 activity in fetal human OPCs potentiates their expansion while suppressing their terminal differentiation, our previous study of adult OPCs had indicated that they respond to PTPRZ1 inhibition very differently, with phenotypic differentiation toward oligodendrocytic lineage (Sim et al., 2006 (Sim et al., , 2009 . In adult OPCs, PTPRZ1 thus may serve to promote the homeostatic maintenance of the progenitor state, which is effectively abrogated by PTPRZ1 inhibition. As such, PTPRZ1's function-preservation of self-renewal competence-seems shared by both fetal and adult OPCs, but the consequences of PTPRZ1 inhibition are quite distinct in those different cellular contexts, such that PTPRZ1 inhibition in fetal OPCs leads not to terminal differentiation, but rather to dysregulated expansion. These distinct responses of fetal and adult human OPCs to PTPRZ1 inhibition likely reflect the very different cellular contexts and dominant signaling pathways of these functionally distinct phenotypes, which similarly differ in such fundamental respects as their cell cycle lengths, mitotic and migratory competence, maturation latencies, and myelination rates (Wolswijk and Noble, 1989; Windrem et al., 2004) .
These data point to the signal influence of PTPRZ1 activity in establishing the effective probability of terminal differentiation by OPCs. Interestingly, our observations support the hypothesis that Wnt and tyrosine kinase signaling are diminished by receptor protein tyrosine phosphatase activity (Cummings, 2000) , acting in concert with contact-mediated juxtacrine signaling, such as that effected through Notch. In that regard, it is interesting to note that pleiotrophin-modulated PTPRZ1 signaling can regulate the subcellular localization of delta/notch-1 like epidermal growth factor (DNER), suggesting that these pathways might work in concert (Fukazawa et al., 2008) . In vivo, this system could be complicated by the phenotypes of neighboring cells and hence the local cellular context, which by influencing cell-cell juxtacrine signals, might yield very different signal outputs in the developing and adult brain, as well as in the setting of injury. For example, contact-dependent interactions in trans between potential axonal PTPRZ1 ligands, such as contactin, might serve to maintain the tonic activity of PTPRZ1, thus regulating the probability of OPC differentiation and oligodendrocytic maturation, and ultimately of myelination (Peles et al., 1995; Bouyain and Watkins, 2010; Lamprianou et al., 2011). Similarly, other PTPRZ1 binding partners might be important in regulating the myelination of OPC-derived oligodendroglia and, hence, in determining myelination efficiency, sheath thickness, and G-ratios during development.
These observations suggest that PTPRZ1 inhibition might comprise a feasible strategy by which to mobilize human OPCs while sustaining their self-renewal competence. Indeed, strategies directed at the pleiotrophin/PTPRZ1 interaction may prove effective at sustaining the remyelination potential of parenchymal oligodendrocyte progenitor cells into later stages of adulthood, as well as in response to recurrent demyelination. As such, these studies of signal control in human OPCs may provide us greater insight into a broad category of neurological diseases that share aborted remyelination and astrogliosis as key pathological events, and as previously fixed impediments to recovery.
